INTRODUCTION
============

Members of the protein kinase C (PKC) superfamily of phospholipid-dependent serine/threonine kinases are involved in a multitude of cellular processes ([@B36]). The different isoforms are classified into three subfamilies according to their allosteric activators: classical PKCs (α, β, and γ; cPKCs) require both calcium and diacylglycerol (DAG) for activation, novel PKCs (δ, ε, θ, and η; nPKCs) are calcium-independent, and atypical PKCs (ι, λ, and ζ; aPKCs) are activated neither by calcium nor DAG. The aPKCs are activated by lipid components, such as phosphatidyl inositols (for instance PI-3,4,5 triphosphate), phosphatidic acid, ceramide, and arachidonic acid ([@B36]). The activation mechanism has two essential steps: 1) release of a membrane-bound myristoylated pseudosubstrate from the substrate-binding cavity and 2) autophoshorylation of the kinase domain (reviewed in [@B20]; [@B21]).

Ubiquitously expressed PKCζ has been implicated as a central regulator of many key intracellular signaling pathways (reviewed in [@B20]) and is emerging as a mediator of differentiation. The role of PKCζ during development was first demonstrated in developing *Xenopus* oocytes ([@B3]) and PKCζ has subsequently been shown to be involved in monocytic ([@B58]; [@B31]), erythroid ([@B32]), and nerve growth factor (NGF)-mediated neuronal differentiation ([@B60], [@B61]). Moreover, the importance of PKCζ upon differentiation becomes evident as its activity is necessary to control cell polarity ([@B13]; [@B56]; [@B18]) and migration ([@B13]; [@B19]), both processes important steps for differentiation.

Another differentiation-related kinase, cyclin-dependent kinase 5 (Cdk5), is a serine/threonine kinase first identified as a member of the cyclin-dependent kinase family, based on sequence comparisons ([@B29]). However, unlike other Cdks, Cdk5 is not involved in cell cycle progression and is not activated by cyclins but rather by specific activators, p35 or p39 (reviewed in [@B10]). Cdk5 has been shown to be indispensable for neuronal differentiation, affecting the migration of neuronal progenitors, neurite outgrowth, and the cytoskeletal dynamics of developing neuronal cells (reviewed in [@B6]; [@B10]; [@B8]; [@B33]). Moreover, Cdk5 plays a crucial role in regulating both the early development of muscle tissue ([@B26]; [@B41]) and the formation of neuromuscular junctions ([@B17]). We have recently shown that the intermediate filament (IF) protein nestin forms a regulatory scaffold for Cdk5, affecting targeting and activity of the Cdk5/p35 signaling complex determining the differentiation of myoblasts and myofibers ([@B43]) and the survival of neuronal progenitor cells ([@B44]). In addition, there appears to be a phosphorylation-dependent feedback mechanism between Cdk5 and nestin, because Cdk5, by phosphorylating nestin, can affect the reorganization and turnover of its own scaffold ([@B43], [@B44]). Although several Cdk5 substrates have been identified in both neuronal and myogenic tissue (reviewed in [@B8]; [@B10]; [@B35]; [@B49]; [@B51]), very little is known about the upstream regulators of Cdk5. C-Abl, Fyn, and Cdk7 have been implicated as facilitators of activity as they are involved in phosphorylation of Cdk5 ([@B66]; [@B47]; [@B42]).

Although our earlier work demonstrated that the Cdk5--nestin complex determines myogenic differentiation ([@B43]), we wanted to establish what could be the upstream regulator of this signaling cascade. Because PKCζ has been shown to act as a mediator of differentiation processes (reviewed above), we wanted to know whether PKCζ could acts as an upstream regulator of Cdk5, affecting myoblast differentiation. Indeed we observed that PKCζ activity is necessary for differentiation and moreover, it directly regulates the activity of the Cdk5/p35 signaling complex by phosphorylating p35 and by facilitating calpain-dependent cleavage of p35 to the more stable p25 fragment. This new role for p25 in muscle differentiation represents a novel aspect of p25-mediated Cdk5 activation, an activation mode that has to date been primarily associated with neurodegenerative conditions ([@B5]). Thus, our data reveal PKCζ as a novel key regulator of the Cdk5/p35 signaling complex during muscle differentiation.

MATERIALS AND METHODS
=====================

Cell Culture Reagents and Transfection Materials
------------------------------------------------

Mouse C2C12 myoblasts and monkey Cos-7 kidney cells were maintained in Dulbecco\'s modified Eagle\'s medium (DMEM; Invitrogen, Gaithersburg, MD) supplemented with 10% (vol/vol) fetal bovine serum, 2 mM glutamine, and penicillin G (100 U/ml)/streptomycin (100 μg/ml; growth medium). C2C12 cells were grown to 80% confluence and induced to differentiate by replacing the growth medium with differentiation medium (DMEM supplemented with 2% \[vol/vol\] fetal bovine serum, 2 mM glutamine, and penicillin G (100 U/ml)/streptomycin (100 μg/ml). To inhibit PKCζ activity, myoblasts were induced to differentiate in the presence of 20 μM pseudosubstrate inhibitor peptide (PS; Myr-SIYRRGARRWRKL) or control scrambled peptide (Scr-P; Myr-RLYRKRIWRSAGR; MilleGen Prologue Biotech, Labege Cedex, France). Both of the peptides were linked to a myristoyl group to facilitate the transport through the cell membrane. The Cdk inhibitor roscovitine, the proteasomal inhibitor MG132, calpain inhibitor III, the PKC inhibitor chelerythrine (Calbiochem, San Diego, CA) and the calcium ionophore A23187 (Calbiochem, Darmstadt, Germany) were used at final concentrations of 10, 20, 15, 5, and 10 μM respectively. A luciferase-based assay (the calpain-Glo assay; Promega, Madison, WI) was used to monitor calpain activity.

For transfection, Cos-7 cells were pelleted and resuspended in OPTIMEM (Invitrogen, Invitrogen Foundation, Washington, DC) supplemented with 5% (vol/vol) fetal bovine serum (FBS) and electroporated at 220 V and 975 μF. Transfected cells were plated and harvested after 48 h for further analysis. A p35-encoding DNA plasmid, with *p35* cloned into the pcDNA3.1-His vector, was kindly provided by Dr. Harish Pant (National Institutes of Health). The PKCζ-Flag plasmid was a kind gift of Dr. J. Blenis (Department of Cell Biology, Harvard Medical School, Boston, MA). Empty plasmids were used as transfection controls. C2C12 myoblasts were transfected using JetPEI transfection reagent (Polyplus-transfection, New York, NY) according to the manufacturer\'s protocol. Myc-tagged p35-encoding plasmid was ordered from Addgene (Cambridge, MA) and mutated to p35 S33A using Stratagene mutagenesis kit (La Jolla, CA). C2C12 myoblasts and mouse primary cells were transfected with 20 or 80 pmol of PKCζ small interfering RNA (siRNA; siPKCζ) or scrambled siRNA (Scr-R; Santa Cruz Biotechnology, Santa Cruz, CA) using the Lipofectamine-plus reagent, according to the manufacturer\'s (Invitrogen, Rockville, MD) instructions. Twenty hours after transfection, cells were switched to differentiation medium.

Primary Mouse Myoblast Culture
------------------------------

Cultures of primary myoblasts were established from the limb skeletal muscles of 2-d-old FVB-n mice. Muscle tissue was minced and enzymatically digested by incubation in 0.2% (wt/vol) type XI collagenase (Roche Diagnostics, Basel, Switzerland) and 0.1% (wt/vol) trypsin at 37°C for 45 min. The resulting slurry was filtered to remove large pieces of tissue and rinsed with growth medium as follows: (Ham\'s F-10 \[Sigma-Aldrich, St. Louis, MO\] supplemented with 15% (vol/vol) fetal bovine serum, 2 mM glutamine, penicillin G (100 U/ml)/streptomycin (100 μg/ml), and 2.5 ng/ml β-FGF (fibroblast growth factor). Cells were centrifuged at 1000 × *g* for 5 min, resuspended in growth medium, and seeded into tissue culture dishes. After attainment of 80% confluence, differentiation was induced by replacing growth medium with differentiation medium as follows: DMEM supplemented with 2% (vol/vol) FBS, 2 mM glutamine, and penicillin G (100U/ml)/streptomycin (100 μg/ml).

Immunofluorescence Labeling
---------------------------

For immunostaining, myoblasts grown on coverslips were fixed in 3% (vol/vol) paraformaldehyde and permeabilized with 0.1% (vol/vol) Triton X-100 in PBS for 10 min at room temperature (RT). Nonspecific binding sites were blocked by incubation in 2% (wt/vol) bovine serum albumin (BSA) in PBS (phosphate-buffered saline) with 0.05% (vol/vol) Triton X-100 for 30 min at RT. Cells were subsequently stained for 2 h with primary antibodies, after which coverslips were rinsed three times with PBS and stained for 40 min with fluorescence tag-labeled secondary antibodies (Alexa 488 goat anti-mouse or Alexa 568 goat anti-rabbit; Molecular Probes, Invitrogen, Rockville, MD). Cells were washed three times in PBS before mounting in DAPI/Vectashield (Vector Laboratories, Burlingame, CA). Images were collected using a Zeiss LSM confocal laser scanning microscope equipped with argon and helium-neon lasers (Thornwood, NY).

Immunoprecipitation
-------------------

C2C12 cells or transfected Cos-7 cells were lysed in immunoprecipitation buffer (50 mM HEPES, pH 7.4, 140 mM NaCl, 5 mM MgCl~2~, 5 mM EGTA, 0.4% \[vol/vol\] NP40, 10 mM pyrophosphate, 5 mM sodium orthovanadate, and a protease inhibitor cocktail; Roche Diagnostics) for 30 min on ice followed by centrifugation at 12,000 × *g* for 10 min at 4°C. Protein concentration was measured by the Bradford assay, and 800 μg of each lysate was precleared using Sepharose beads, for 45 min, followed by immunoprecipitation of p35 (Santa Cruz Biotechnology), Cdk5 (Biosource Invitrogen, Washington, DC), calpain 3 (Abcam, Cambridge, United Kingdom), or PKCζ (Santa Cruz Biotechnology). Immunocomplexes were captured on protein G-Sepharose beads, washed four times in 20 mM HEPES, pH 7.4, 2 mM EGTA, 100 mM NaCl, 0.4% (vol/vol) NP40, and 1 mM dithiothreitol (DTT), and finally resuspended in Laemmli sample buffer.

Western Blotting and Antibodies
-------------------------------

Proteins were separated on SDS-PAGE and transferred to nitrocellulose membranes using a wet transfer apparatus (Bio-Rad, Hercules, CA). After blocking of nonspecific binding with 5% (wt/vol) nonfat dry milk, membranes were first probed overnight using primary antibodies and next incubated for 1 h with appropriate secondary antibodies coupled to horseradish peroxidase. Proteins were visualized using an ECL Western blotting kit (GE Healthcare, Little Chalfont, United Kingdom).

The following primary antibodies were purchased from Santa Cruz Biotechnology: goat/rabbit anti-PKCζ (used at 1:500), rabbit anti-troponin (1:500), rabbit anti-myosin light chain (myosin heavy chain \[MHC\]; 1:500), rabbit anti-p35 (N20, C19; 1:200), rabbit anti-14-3-3tau (1:500), mouse anti-desmin (1:500), rabbit anti-RhoA (1:200), rat anti-Hsc70 (1:10,000), and rat anti-HSP90 (1:1000). In addition, the following antibodies were used: mouse anti-Cdk5 (used at 1:1000; Biosource, Invitrogen Foundation), mouse anti-nestin (1:1000; PharMingen, San Diego, CA), mouse anti-actin (1:1000; Sigma, St. Louis, MO), mouse anti-p35 (1:500; Sigma), mouse anti-calpain 1 (1:1000; Cell Signaling Technology, Danvers, MA), and mouse anti-calpain 3 (1:500; Abcam, Cambridge, United Kingdom). The secondary antibodies (used at 1/10,000--20,000) were purchased from Southern Biotechnology (Birmingham, AL). To block rabbit anti-p35 (C-19), a blocking peptide was used (1:1000, Santa Cruz Biotechnology).

In Vitro Phosphorylation and Kinase Activity Assays
---------------------------------------------------

In vitro phosphorylation assays were performed using immunoprecipitated p35, calpain 3, recombinant calpain 1 (Calbiochem), His-p35 (aa 1-120), glutathione *S*-transferase (GST)-p35 (aa 208-308), or the complex GSTp35/HisCdk5 (Abnova, Taipei City, Taiwan) as substrates. Cell lysates were incubated with protein G-Sepharose beads for 45 min, and immunoprecipitates were washed four times in 50 mM HEPES, pH 7.4, 5 mM EDTA, 125 mM NaCl, 0.2% (vol/vol) NP40, and 1 mM DTT and twice then with 50 mM HEPES, pH 7.4, 25 mM NaCl, and 1 mM DTT and resuspended in PKCζ kinase buffer (50 mM HEPES, pH 7.4, 1 mM EDTA, 1 mM DTT, and 10 mM MgCl~2~) or Cdk5 kinase buffer (50 mM Tris-HCl, pH 7.4, 5 mM MgCl~2~, 1 mM DTT, and 1 mM EDTA) with 200 μM unlabeled ATP, 10 μCi \[γ-^32^P\]ATP, and 50 ng recombinant PKCζ (Upstate Biotechnology, Lake Placid, NY). The reaction was allowed to proceed for 30 min at 32°C for PKCζ assay and at 25°C for Cdk5 measurement. Reactions were stopped by addition of Laemmli sample buffer and boiling for 5 min. Gels were stained with Coomassie Blue, dried, and subjected to autoradiography. As loading controls, 8-μl amounts of immunoprecipitates were subjected to SDS-PAGE, transferred to nylon membranes, stained with Red Ponceau, and visualized using the ECL Western blotting kit (GE Healthcare).

To measure PKCζ or Cdk5 activity during myoblast differentiation, PKCζ was immunoprecipitated from cell lysates. The kinase reaction was performed as described above using histone H1 (3 μg, Sigma-Adrich) as substrate. Phosphate incorporation into histone H1 was visualized by autoradiography of SDS-PAGE gels.

In Vitro Calpain Assay
----------------------

After phosphorylation by PKCζ, performed as described above, GSTp35/Hiscdk5 was subjected to calpain cleavage assay using a commercial kit (QIA120; Calbiochem) according to the manufacturer\'s instructions. After incubation with or without recombinant calpain 1 for 5 min at RT, the reaction was stopped by addition of Laemmli buffer. Samples were separated by SDS-PAGE and subjected to immunoblotting using appropriate antibodies.

Preparation of Brain Extracts and Calpain Activation In Vitro
-------------------------------------------------------------

The brains of 2-d-old FVB-n mice were isolated and homogenized in lysis buffer (20 mM HEPES, pH 7.4, 5 mM KCl, 1.5 mM MgCl~2~, 1 mM DTT, and 1 mM EGTA), using a Teflon grinder ([@B48]). Each homogenate was centrifuged at 13,000 × *g* for 25 min at 4°C. Pellets were resuspended in 100 μl lysis buffer, sonicated, and centrifuged, as described above. Supernatants from each sample were divided into two parts: control and test. To induce calpain activity, 4 mM CaCl~2~ was added to a sample, and incubation for 1 h at 37°C followed. The reaction was stopped by addition of EGTA to 10 mM and boiling in Laemmli sample buffer for 5 min. C2C12 myoblasts transfected with p35 wild type (WT) and p35 S33A were treated as above described to induce calpain activity. p35 processing was analyzed using Western blotting.

Statistics
----------

Quantitative experiments were analyzed using Student\'s *t* test. All p values were obtained using two-sided tests using the GraphPad Prism program (San Diego, CA).

RESULTS
=======

PKCζ Is Required for Myoblast Differentiation
---------------------------------------------

We have previously shown that Cdk5 is a critical regulator of myogenic differentiation ([@B43]), but it is still unclear how Cdk5 activation is regulated and how Cdk5 interacts with other signaling pathways during differentiation. Because PKCζ has been implicated as a regulator of differentiation ([@B60]; [@B32]), we investigated whether PKCζ was involved in Cdk5-mediated myogenic differentiation ([@B43]). To address this question, we down-regulated PKCζ using siRNA or inhibited PKCζ activity employing a specific PKCζ PS inhibitor ([@B12]; [@B65]; [@B16]) in both mouse primary myoblasts and the C2C12 myoblast cell line ([Figures 1](#F1){ref-type="fig"} and [2](#F2){ref-type="fig"}). Differentiation was induced by reducing the serum content in the medium (2% vol/vol) and was monitored over 72 h by measuring the formation of multinucleated myotubes and the expression of specific differentiation markers, MHC and desmin. Down-regulation of PKCζ by siRNA (siPKCζ) inhibited both primary myoblast fusion ([Figure 1](#F1){ref-type="fig"}A) as well as expression of MHC and desmin ([Figures 1](#F1){ref-type="fig"}A and [2](#F2){ref-type="fig"}A), whereas scrambled siRNA (Scr-R) had no such effect ([Figures 1](#F1){ref-type="fig"}A and [2](#F2){ref-type="fig"}A). Likewise, the blocking of PKCζ activity with 15--20 μM PS inhibitor also prevented the differentiation of primary myoblasts, whereas the inactive scrambled peptide (Scr-P) had no effect ([Figures 1](#F1){ref-type="fig"}B and [2](#F2){ref-type="fig"}B). The fusion index, depicting the number of nuclei within multinucleated myotubes at 48 and 72 h of differentiation, further confirms the significant inhibitory effect of PS inhibitor ([Figure 1](#F1){ref-type="fig"}C). In a similar manner, the inhibition of PKCζ efficiently blocked myogenesis in C2C12 myoblasts (Supplemental Figure 1, A and B), demonstrating that the effect was identical in the two cellular model systems. To confirm that the observed effect was PKCζ-specific, we assessed differentiation in the presence of Calphostin C, an inhibitor of both nPKCs and cPKCs, and found that Calphostin C had no effect on differentiation (Supplemental Figure 1C), compared with siPKCζ or the PKCζ PS inhibitor, both of which completely blocked differentiation. Taken together, our results reveal an essential and specific regulatory role for atypical PKCζ during myogenic differentiation.

![Inhibition of PKCζ expression and activity prevents the formation of myotubes. (A) The down-regulation of PKCζ by siRNA abrogated the myoblast fusion and myotube formation. Primary myoblasts were transfected with PKCζ siRNA (siPKCζ) or scrambled siRNA (Scr-R) and induced to differentiate. At 72 h of differentiation, cells were fixed and double-stained with anti-MHC antibody, and DAPI, to detect differentiated cells and nuclei, respectively. The arrows in the phase-contrast images indicate myotubes. The bottom panels shows fluorescence labeling of MHC (red) and DNA (DAPI, blue), visualized by confocal microscopy. The images reveal a pronounced decrease in cell fusion and myotube formation as well as in MHC expression, when PKCζ is down-regulated. (B) The inhibition of PKCζ activity by a pseudosubstrate inhibitor peptide (PS) blocked the fusion of myoblast to multinucleated myotubes. Mouse primary myoblasts were induced to differentiate in the presence of either the PKCζ inhibitor peptide (PS; 15 or 20 μM) or the scrambled peptide (Scr-P; 20 μM). After 48 h of differentiation, cells were fixed and double-stained with antibodies against MHC and DAPI. Similarly to PKCζ down-regulation by siRNA ([Figure 1](#F1){ref-type="fig"}A), PKCζ inhibition prevented myotube formation. (C) The fusion indexes of mouse primary myoblasts were determined in the presence of both the inhibitor peptide (PS, 20 μM) and the scrambled peptide (Scr-P, 20 μM). The fusion index was determined as a ratio of the number of nuclei in myotubes (showing at least two nuclei) to the total number of nuclei in six randomly chosen microscopic fields. The data are shown as means ± SEM (n = 3; \*p \< 0.05; Student\'s *t* test).](zmk0081094220001){#F1}

![Inhibition of PKCζ expression and activity prevents myoblast differentiation. (A) The down-regulation of PKCζ by siRNA prevented the myoblast differentiation as indicated by the reduced amount of differentiation markers. Primary myoblasts were transfected with PKCζ siRNA (siPKCζ) or scrambled siRNA (Scr-R) and induced to differentiate. At the indicated time points of differentiation, cells were harvested for Western blot analysis. Desmin and MHC were used as markers of differentiation, whereas 14-3-3 served as a loading control. PKCζ down-regulation induced a decrease in expression of the differentiation markers MHC and desmin, as shown in the histogram. (B) The Inhibition of PKCζ activity by a pseudosubstrate inhibitor peptide (PS) blocked the myoblast differentiation. Mouse primary myoblasts were induced to differentiate in the presence of either the PKCζ inhibitor (PS; 15 or 20 μM) or the scrambled peptide (Scr-P; 20 μM). Cells were harvested at the indicated time points of differentiation and subjected to Western blot analysis. Increasing desmin and MHC expression levels indicated the progress of differentiation, whereas Hsc70 served as a loading control. Similarly to the PKCζ down-regulation by siRNA ([Figure 2](#F2){ref-type="fig"}A), the inhibition of PKCζ activity prevented the myoblast differentiation.](zmk0081094220002){#F2}

PKCζ Activity Is Up-Regulated during Myogenic Differentiation
-------------------------------------------------------------

Because the down-regulation and inhibitor experiments indicated a key role for PKCζ in myogenesis, we examined PKCζ expression during the differentiation of both C2C12 cells and mouse primary myoblasts ([Figure 3](#F3){ref-type="fig"}A). Cells were harvested 48 and 72 h after the induction of differentiation, the progress of which was verified by blotting against the differentiation marker, MHC. Immunoblotting revealed that PKCζ levels were relatively stable during differentiation ([Figure 3](#F3){ref-type="fig"}A). As PKCζ expression was constant, we wanted to determine whether PKCζ activity was regulated during differentiation. Indeed, although some activity was detected in proliferating myoblasts, we observed a significant increase in PKCζ activity at 48 h of differentiation ([Figure 3](#F3){ref-type="fig"}B). The PKC inhibitor chelerythrine blocked this activity ([Figure 3](#F3){ref-type="fig"}B), confirming the specificity of the kinase activity assay.

![Expression and activity of PKCζ during myogenesis. (A) The protein levels of PKCζ remained stable during myoblast differentiation. C2C12 cells and primary myoblasts were induced to differentiate, and cells were harvested at the indicated time points. The progress of differentiation was assessed by monitoring the expression of MHC, whereas 14-3-3 served as a loading control. (B) PKCζ activity was up-regulated during myoblast differentiation. C2C12 cells were shifted to differentiation medium, and PKCζ was immunoprecipitated from the cell lysates prepared at the indicated time points. The activity of immunoprecipitated PKCζ was analyzed using histone H1 as a substrate. As a negative control, cell extracts were incubated for 15 min with the PKC inhibitor chelerythrine (Chel, 5 μM) before the activity assay. Coomassie Blue staining was utilized to verify that equal amounts of substrate were used in each reaction, whereas immunoblot analysis confirmed that equal amounts of PKCζ were precipitated from each cell lysate. The blots were scanned on a densitometer to quantitate the amount of PKCζ and the degree of histone 1 phosphorylation. The ratio of ^32^P-histone 1 and PKCζ at each time point was calculated and normalized to the control values at time point 0 h. The data are representative of three independent experiments.](zmk0081094220003){#F3}

PKCζ Modulates Cdk5 Activity
----------------------------

Previous studies have confirmed that Cdk5 is required for myoblast differentiation ([@B26]; [@B41]; [@B43]). Moreover, activation of PKCζ and Cdk5 in differentiating myoblasts showed similar kinetics. To get an indication of the hierarchy between these two kinases, we tested whether roscovitine, a Cdk5 inhibitor, affected PKCζ. However, Cdk5 inhibition had no obvious effect on PKCζ activity (Supplemental Figure 2A), but still efficiently inhibited myoblast differentiation, as indicated by the loss of troponin expression (Supplemental Figure 2B), in line with our previous observations ([@B43]). As Cdk5 inhibition impaired myoblast differentiation without affecting PKCζ activity, we reasoned that PKCζ is likely to act upstream of Cdk5. To test this hypothesis, we determined whether Cdk5 activity during C2C12 cell differentiation was altered in the presence of the PKCζ-specific PS inhibitor. Cells were harvested at the indicated time points and Cdk5 activity was analyzed by in vitro kinase assay. The results showed that Cdk5 activity was blocked by the PS inhibitor ([Figure 4](#F4){ref-type="fig"}A), demonstrating that PKCζ has the ability to regulate Cdk5 activity and lies upstream of Cdk5 in the sequence of events leading to myoblast differentiation. The specificity of the assay was confirmed using the Cdk5 inhibitor roscovitine ([Figure 4](#F4){ref-type="fig"}A).

![PKCζ modulates Cdk5 activity in vivo and affects the reorganization of nestin filaments during differentiation. (A) The Cdk5 activity was inhibited upon PKCζ inhibition. C2C12 cells were induced to differentiate for 72 h in the presence or absence of the PKCζ pseudosubstrate inhibitor peptide (PS). Cell lysates were subjected to the immunoprecipitation of endogenous Cdk5 and the Cdk5 kinase activity assays were performed using histone H1 as substrate (left). The numbers represent the relative induction in the Cdk5 activity during differentiation in the presence or absence of the inhibitor peptide PS. The data are representative of three independent experiments. As a negative control, cell lysates were preincubated with the Cdk5 inhibitor roscovitine (Rosc; 5 μM) for 15 min before kinase activity assay (right). Immunoblotting confirmed that equal amounts of Cdk5 were immunoprecipitated from each cell lysate. In addition, Coomassie Blue staining showed that equal amounts of histone 1 substrate were used in each reaction. (B) PKCζ activity was necessary for the reorganization of nestin filaments and the regulation of nestin protein levels during differentiation. C2C12 myoblasts were induced to differentiate for 72 h in the presence or absence of the inhibitor peptide (PS). The samples were fixed and double-stained with antibodies recognizing nestin and p35. At 72 h of differentiation, nestin filaments were aligned parallel to myotubes and colocalized with p35. However the Cdk5-mediated reorganization of nestin filaments during differentiation was disturbed when PKCζ activity was inhibited (scale = 10 μm, as in panel C). In parallel cell lysates were prepared from the same experiment, proteins were resolved by SDS-PAGE and analyzed by Western blotting for nestin and Hsc70, the latter serving as a loading control. The immunoblot revealed pronounced decreases in nestin protein levels when PKCζ was inhibited. (C) The down-regulation of PKCζ severely impaired nestin reorganization and stability during differentiation of primary myoblasts. Mouse primary myoblasts were transfected with PKCζ siRNA (siPKCζ) or scrambled siRNA (Scr-R) and induced to differentiate for 72 h. Samples were fixed, stained with anti-nestin antibody (scale bar, 10 μm), and analyzed by Western blotting. The results confirmed alterations in nestin remodeling and turnover observed during differentiation when PKCζ was down-regulated.](zmk0081094220004){#F4}

PKCζ Regulates the Expression and Reorganization of Nestin
----------------------------------------------------------

We previously showed that the IF protein nestin acts as a scaffold for Cdk5 ([@B43], [@B44]). In addition, Cdk5 has the ability to regulate its own scaffold, thereby enabling the characteristic reorganization of nestin filaments during myotube formation ([@B43]). Thus, we wanted to determine whether inhibition of PKCζ affected Cdk5-mediated reorganization of nestin filaments in differentiating myoblasts ([Figure 4](#F4){ref-type="fig"}, B and C; Supplemental Figure 3A). In agreement with our previous observations ([@B43]), nestin filaments were reorganized, in concert with Cdk5 activation, into longitudinal fibers during differentiation. In contrast, in the presence of the PS inhibitor, nestin reorganization was severely disturbed in both C2C12 cells and in primary myoblasts ([Figure 4](#F4){ref-type="fig"}B; Supplemental Figure 3A). Notably, similar morphological alterations of the nestin network were also observed when PKCζ was down-regulated by siRNA (siPKCζ) in mouse primary myoblasts ([Figure 4](#F4){ref-type="fig"}C). These morphological perturbations of the nestin filament network after inhibition of PKCζ were identical to those previously observed upon Cdk5 inhibition ([@B43]). This result further supported the proposed function of PKCζ as an upstream regulator of the Cdk5 signaling pathway. Nestin expression, turnover, and stability are also regulated by Cdk5-mediated phosphorylation of nestin ([@B43]; unpublished results). To investigate the effect of PKCζ inhibition on Cdk5-mediated regulation of nestin in greater detail, nestin protein levels were analyzed in differentiating C2C12 and mouse primary myoblasts ([Figure 4](#F4){ref-type="fig"}, B and C; Supplemental Figure 3B). Inhibition of PKCζ-Cdk5 activity led to a remarkable decrease in nestin protein levels in both C2C12 cells and in primary myoblasts ([Figure 4](#F4){ref-type="fig"}, B and C; Supplemental Figure 3B). These results, employing nestin organization, expression, and stability as a downstream readout of Cdk5 activity, reinforce the hypothesis that PKCζ acts as a regulator of Cdk5 and that the PKCζ--Cdk5 axis is crucial for proper myoblast fusion and simultaneous reorganization and turnover of the nestin cytoskeleton.

The Cdk5 Activator, p35, Interacts with and Is Phosphorylated by PKCζ
---------------------------------------------------------------------

Cdk5 is activated by association with the protein activator p35. As our data positioned PKCζ upstream of Cdk5, PKCζ could influence Cdk5 activity through regulation of p35. To test the possibility of a direct interaction between PKCζ and p35, we performed coimmunoprecipitation experiments. PKCζ was found to be associated with p35 in Cos-7 cells and C2C12 myoblasts ([Figure 5](#F5){ref-type="fig"}, A and B). Interestingly, this association was rather weak in undifferentiated C2C12 cells but was remarkably increased during differentiation ([Figure 5](#F5){ref-type="fig"}B), in concert with raised PKCζ and Cdk5 activities ([Figures 3](#F3){ref-type="fig"}B and [4](#F4){ref-type="fig"}A). Similar results were obtained using mouse primary myoblasts.

![p35 interacts with and is a target for PKCζ. (A) PKCζ interacted with p35 in Cos-7 cells. Cos-7 cells were transfected with plasmids encoding p35 and PKCζ. Cells were lysed and subjected to immunoprecipitation using either anti-PKCζ or anti-p35 antibodies. Immunoprecipitated samples were separated on SDS-PAGE together with input controls and immunoblotted for PKCζ and p35. The results revealed an interaction between p35 and PKCζ. (B) An interaction between p35 and PKCζ was detected in differentiating myoblasts. C2C12 cells were induced to differentiate, lysed, and subjected to p35 immunoprecipitation. Western blot analysis of immunoprecipitates indicated that p35 and PKCζ interacted during differentiation. (C) p35 was phosphorylated by PKCζ. Cos-7 cells were transfected with p35 or an empty vector. 48 h later, cells were lysed, and p35 was immunoprecipitated. An in vitro phosphorylation assay with recombinant PKCζ was performed using immunoprecipitated p35 as a substrate. The immunoblots demonstrate the amounts of p35 and PKCζ and the autoradiograph the degree of phosphorylation in the different reactions. (D) The N-terminus of p35 contains several putative PKCζ phosphorylation sites (the ProteinScan program was helpful in the prediction of putative phosphorylation sites; see <http://156.40.231.198/ProteinScan/ScanProteinForPKCSitesPage.aspx>). The N-terminus of p35 was specifically phosphorylated in vitro by PKCζ. In vitro phosphorylation assays were performed with recombinant PKCζ using either truncated N-terminal (N1-120) or C-terminal (C208-307) p35 peptide as a substrate. Proteins were resolved by SDS-PAGE, and the presence of indicated proteins in phosphorylation reactions was monitored by Western blotting. Autoradiographs demonstrate the phosphorylation of p35 peptides as well as the autophosphorylation of PKCζ (indicating kinase activity). Remarkably, only the N-terminus of p35 (N1-120) was specifically phosphorylated by PKCζ.](zmk0081094220005){#F5}

Given the observed interaction between PKCζ and p35, we explored whether p35 was directly targeted by PKCζ. Judging from the phosphorylation motifs in p35, it contains several potential sites for PKCζ -mediated phosphorylation in its N-terminal region ([Figure 5](#F5){ref-type="fig"}D), but none after Ser-89. By in vitro phosphorylation assay using immunoprecipitated p35 as substrate, we showed that recombinant PKCζ efficiently phosphorylated p35 ([Figure 5](#F5){ref-type="fig"}C). We performed more detailed phosphorylation analysis using two different truncated p35 peptides as substrates. It was observed that the N-terminal (N1-120) portion of p35, containing the predicted phosphorylation sites, was phosphorylated by PKCζ, whereas the C-terminus (C208-307) was not ([Figure 5](#F5){ref-type="fig"}D). To identify the specific phosphorylation sites, a recombinant p35 ([@B45]; [@B63]) was phosphorylated in vitro by PKCζ and analyzed by mass spectrometry ([@B50]; [@B38]). Serine 33 was identified as a target of PKCζ (Supplemental Figure 4). To further confirm the in vivo relevance of serine 33 phosphorylation, we conducted an in vivo ^32^P-phosphorylation and phosphopeptide-mapping experiment ([@B23]). HEK 293 cells were transfected with constitutively active PKCζ together with either WT p35 or S33A-mutated p35. The transfected cells were metabolically labeled with ^32^P-orthophosphate, and p35 was immunoprecipitated from the cell lysate, followed by separation on SDS-PAGE and tryptic phosphopeptide mapping (Supplemental Figure 5). Although the in vivo phosphopeptide map of p35 is complex (as it contains the specific Cdk5 sites and a number of other sites for different kinases, with a complexity exceeding that outlined in the literature; data not shown), the comparison of the 2D phosphopeptide maps of WT and S33A-mutated p35 demonstrated loss of the S33-specific phosphopeptide in the sample from S33A-mutated p35 (Supplemental Figure 5B, encircled). This analysis provides additional evidence of the serine 33 being phosphorylated in vivo. Here we demonstrate for the first time that the Cdk5 activator p35 interacts with and is a novel target for PKCζ.

PKCζ Activity Is Essential for Calpain-mediated Cleavage of p35 during Myoblast Differentiation
-----------------------------------------------------------------------------------------------

p35 has been shown to be cleaved by calpains in neuronal cells, leading to generation of a more stable fragment, p25 ([@B25]). This event has been associated with neurodegenerative processes, as the constitutive hyperactivation of Cdk5 by p25 leads to harmful phosphorylation events (reviewed in [@B8]; [@B27]). Intriguingly, despite the seemingly harmful role of p25, there are reports indicating that p25 is likely to be involved also in normal physiological processes ([@B15]; see *Discussion* for further details). Incited by these observations, we studied whether generation of p25 could be involved in the Cdk5 activation that we had observed during myogenic differentiation. Indeed, in further support of p25 being physiologically relevant, we observed that p35 was cleaved to p25 during differentiation of both C2C12 cells and mouse primary myoblasts ([Figure 6](#F6){ref-type="fig"}A; Supplemental Figure 6A). The identity of the p25 fragment was verified using CaCl~2~-treated brain lysates as a positive control (Supplemental Figure 6B) and was further confirmed by showing that the p35/p25 bands disappeared upon treatment with a blocking peptide against a p35 antibody that recognizes both the cleaved and uncleaved forms of the protein (Supplemental Figure 6C). Generation of p25 has previously been indicated to be calpain-dependent. To test whether the generation of p25 was calpain-dependent in differentiating myoblasts, we induced the differentiation with or without a calpain inhibitor (calpain inhibitor III). The calpain inhibitor efficiently prevented the formation of the p25 fragment ([Figure 6](#F6){ref-type="fig"}B, left panel), establishing the requirement of calpain also in the differentiation-mediated p25 generation. The physiological requirement for calpain in generating p25 was illustrated by experiments showing that the calpain inhibitor completely blocked differentiation ([Figure 6](#F6){ref-type="fig"}B, right panel) at the same time as it was blocking the generation of p25. Interestingly, this observation is in accordance with previous studies that have indicated an involvement of calpain in myogenic differentiation ([@B1], [@B2]; [@B11]; [@B30]). These results show that p35 is physiologically cleaved by calpains during myoblast differentiation, without inducing cell death and that p25 is an effector molecule generated by calpain.

![PKCζ activity regulates the calpain-mediated cleavage of p35. (A) The calpain-mediated cleavage of p35 during differentiation was prevented by the PKCζ inhibition. C2C12 cells were induced to differentiate in the presence or absence of the pseudosubstrate inhibitor peptide (PS; 20 μM). Cells were harvested at the indicated time points and the corresponding lysates were subjected to immunoblotting using the indicated antibodies. The immunoblot reveals that p35 is cleaved to p25 fragment during the differentiation and that this cleavage is inhibited in the presence of the inhibitor peptide PS. (B) The inhibition of calpain activity by the calpain inhibitor III prevented the p25 generation and inhibited the differentiation of C2C12 myoblasts. C2C12 cells were induced to differentiate in the presence of the calpain inhibitor III (15 μM) and harvested at the indicated time points. Cell lysates were analyzed by Western blotting using the indicated antibodies. (C) The inhibition of PKCζ activity and expression prevents the p35 processing to p25. Primary myoblasts were induced to differentiate in the presence or absence of the inhibitor peptide (PS) or a scrambled peptide (Scr-P; 20 μM; left), or, alternatively, after the transfection with PKCζ siRNA (siPKCζ) or scrambled siRNA (Scr-R; 60 pmol; right). Cell lysates were immunoblotted with the indicated antibodies. Troponin and MHC were used as markers of differentiation, whereas Hsc70, Hsp90, and 14-3-3 served as loading controls.](zmk0081094220006){#F6}

As aPKC has been shown to activate calpains ([@B4]; [@B62]), we hypothesized a link between the activities of PKCζ, calpain, and Cdk5, in differentiating myoblasts. Moreover, the predicted PKCζ phosphorylation sites in p35 are located close to the calpain cleavage site. Accordingly, we found that p35 cleavage was prevented by the PS inhibitor during differentiation of both C2C12 and primary myoblasts ([Figure 6](#F6){ref-type="fig"}, A and C). Likewise, the calpain-mediated cleavage of p35 was blocked by siRNA-mediated inhibition of PKCζ expression (siPKCζ) in primary myoblasts ([Figure 6](#F6){ref-type="fig"}C). These results suggest that PKCζ uses calpain-mediated cleavage of p35 to amplify and sustain Cdk5 activation during differentiation.

PKCζ Regulates Calpain Activity during Differentiation
------------------------------------------------------

Considering the striking effect of PKCζ on p35 processing, we speculated that PKCζ could modulate the p35 cleavage also through direct activation of calpains. To explore this idea, we studied the effect of the PS inhibitor on calpain activity. Mouse C2C12 and primary myoblasts were subjected to differentiation in the presence or absence of the PS inhibitor, and the autocatalytic cleavage of calpains, required for calpain activation, was assessed by Western blot analysis. In support of observations identifying PKCι (an aPKC closely related to PKCζ), as a regulator of calpains ([@B62]), the inhibition of PKCζ also impaired the autocleavage (indicating activation) of both ubiquitous calpain 1 and muscle-specific calpain 3 in C2C12 cells ([Figure 7](#F7){ref-type="fig"}A). Identical effects on calpain 3 cleavage were seen using PKCζ siRNA (siPKCζ) in primary myoblasts ([Figure 7](#F7){ref-type="fig"}B). To further confirm the importance of PKCζ for calpain activation, a luciferase-based calpain activity assay was performed. Similarly to the Western blot results, the inhibition of PKCζ resulted in an overall decrease in calpain activity (Supplemental Figure 7A; [@B54]). Moreover, we were able to demonstrate that recombinant PKCζ phosphorylates calpain 1 ([Figure 7](#F7){ref-type="fig"}C) and calpain 3 (Supplemental Figure 7B). The prominent interaction between PKCζ, and calpain 3 in myoblasts (Supplemental Figure 7C) further emphasizes a key role of PKCζ as a regulator of calpains. Interestingly, PKCζ inhibition diminished cleavage of another established calpain substrate, RhoA ([@B24]; [@B4]; Supplemental Figure 7D), suggesting that in addition to the generation of p25, PKCζ is likely to affect calpain-mediated cleavage of a number of other calpain substrates involved in muscle differentiation.

![PKCζ regulates the calpain activity during differentiation. (A) PKCζ depletion inhibited the activation of calpains. C2C12 cells were induced to differentiate in the presence of either the pseudosubstrate inhibitor peptide (PS) or scrambled peptide (Scr-P; 20 μM). Samples were harvested at the indicated time points and analyzed by immunoblotting using the indicated antibodies. The activation of calpains during differentiation was monitored by the formation of the auto-cleavage products (denoted by asterisk) of calpain 1 and the muscle-specific isoform, calpain 3. MHC was used as a marker of differentiation, whereas Hsp90 served as a loading control. The immunoblots indicate significant reduction in calpain activation during differentiation when PKCζ activity was inhibited. (B) Mouse primary myoblasts were induced to differentiate after transfection with PKCζ siRNA (siPKCζ) or scrambled siRNA (Scr-R) or in the presence of the pseudosubstrate inhibitor peptide (PS) or a scrambled peptide (Scr-P). Samples were harvested at the indicated time points and subjected to immunoblotting using the indicated antibodies. Hsc70 served as a loading control. The results verified the observations presented in A establishing PKCζ as a regulator of calpains. (C) Calpain 1 is phosphorylated in vitro by PKCζ. A phosphorylation assay was performed with recombinant PKCζ using recombinant calpain 1 as a substrate. Proteins were separated by SDS-PAGE and transferred to nitrocellulose membranes. First, the phosphorylation of calpain 1 as well as the PKCζ autophosphorylation, indicating kinase activity, were detected by autoradiography and, second, the membranes were subjected to Western blot analysis.](zmk0081094220007){#F7}

PKCζ Phosphorylation Promotes Calpain-mediated Cleavage of p35
--------------------------------------------------------------

Having shown that p35 was a substrate of PKCζ and that PKCζ activity was necessary for the cleavage of p35 during differentiation, we wanted to determine whether the phosphorylation of p35 by PKCζ promoted its own calpain-mediated cleavage. To verify the role of PKCζ-induced phosphorylation of p35 on serine 33, we performed site-directed mutagenesis to replace serine 33 with alanine residue. The susceptibility of the mutated p35 to the calpain-mediated processing was assessed using two different experimental settings: 1) treatment of C2C12 myoblasts transfected with WT p35 or with p35 S33A with a Ca^2+^ ionophore or 2) treatment of p35 WT or p35 S33A-transfected C2C12 cell lysates with CaCl~2~. The Western blot analysis of both experiments revealed p35 S33A to be more resistant to calpain-mediated cleavage than WT p35 ([Figure 8](#F8){ref-type="fig"}A; Supplemental Figure 8). Moreover, to further demonstrate the role of PKCζ on p35 cleavage, we preincubated the Cdk5/p35 complex with recombinant PKCζ, followed by an incubation with recombinant calpain 1 and assessed the p35 cleavage by Western blotting. As shown in [Figure 8](#F8){ref-type="fig"}B, the PKCζ-mediated phosphorylation of p35 significantly promoted the cleavage induced by calpain 1 (cf. lanes 3 and 5). In accordance with previous studies suggesting that Cdk5 phosphorylation protects p35 from calpain-mediated processing ([@B22]), Cdk5 inhibition by roscovitine resulted in an accumulation of p25 (lane 4). Here we show that PKCζ appears insensitive to Cdk5-mediated inhibition of p35 cleavage by calpains. These results identify PKCζ as a new master regulator of the p35/Cdk5 complex. The rationale of how the signaling complex would work, as judged from the results of the three different treatments and their combinations is outlined in the scheme below [Figure 8](#F8){ref-type="fig"}B. A more general model of the results in this study is presented in [Figure 9](#F9){ref-type="fig"}. Our findings profile PKCζ as a major upstream regulator of the Cdk5 signaling complex, which is essential for the progression of myogenic differentiation. PKCζ is postulated to have a threefold effect: phosphorylation of p35 into a calpain cleavage-permissive form, boosting calpain activity, and suppressing the autoinhibitory effect of Cdk5 on calpain-mediated p35 cleavage.

![p35 phosphorylation by PKCζ regulates the calpain-mediated cleavage of p35. (A) PKCζ-induced serine 33 phosphorylation of p35 promotes the p35 cleavage. Site-directed mutagenesis was used to replace serine 33 with alanine residue in p35. Plasmids encoding the WT and the S33A-mutated p35 were transfected to C2C12 myoblasts. To activate calpains in proliferating, nondifferentiating C2C12 myoblasts the calcium ionophore A23187 was utilized for the indicated time periods. The generation of p25 was assessed by Western blot analysis. The quantitative data represents mean values of three independent experiments. Mutation of serine 33 resulted in a decrease in the p25 formation indicating that the PKCζ-mediated phosphorylation promotes the calpain-mediated cleavage of p35. (B) PKCζ facilitated the calpain 1--mediated cleavage of p35 and overcame the inhibitory effect of Cdk5. An in vitro assay was conducted to investigate the effect of PKCζ- or Cdk5-mediated phosphorylation on the calpain dependent cleavage of p35. First a recombinant GST-p35/His-Cdk5 complex was incubated either 1) alone (lane 3), 2) with roscovitine (4 μM; lanes 1 and 4) to inhibit the Cdk5-dependent p35 phosphorylation, 3) with recombinant PKCζ (lanes 2 and 5), or 4) with both roscovitine and PKCζ (lane 6). Subsequently, samples were incubated with or without recombinant calpain 1 for 5 min at RT to induce the cleavage of p35. Samples were separated by SDS-PAGE and immunoblotted using anti-p35 antibody. The Cdk5 immunoblot served as a loading control. The quantitative analysis demonstrates the p35-p25 ratios. The results show that calpain 1 treatment alone did not produce as much p25 (lane 3) as when the Cdk5/p35 complex was prephosphorylated with PKCζ (lane 5). The inhibition of Cdk5 activity promoted the generation of p25 depicting the autoinhibitory effect stated in the literature (lane 4; [@B22]). Interestingly, PKCζ was insensitive to the Cdk5-induced inhibition and largely increased the calpain-mediated p25 formation. The calpain-dependent generation of the p25 fragment was maximal in the presence of PKCζ and of the Cdk5 inhibitor roscovitine (lane 6). The first two lanes serve as a controls, proving that p25 is not generated in the absence of calpains. The rationale of how the PKCζ-controlled signaling complex would work, as judged from the presented results of the three different treatments and their combinations, is outlined in the scheme below the bottom panel.](zmk0081094220008){#F8}

![A tentative model for PKCζ signaling during muscle differentiation. The up-regulation of PKCζ activity during myoblast differentiation promotes the activation of Cdk5 in a calpain-dependent manner. PKCζ phosphorylates the Cdk5 activator protein, p35, and calpains. Consecutively, calpains are activated and trigger the cleavage of the phosphorylated p35 to its more stable fragment, p25, leading to a sustained activation of Cdk5. PKCζ is able to break the autoinhibitory loop, where Cdk5 restrains the p35 processing and p25 generation by phosphorylating p35. Thus, PKCζ is a major upstream regulator of Cdk5 kinase activity essential for the progression of the myogenic differentiation.](zmk0081094220009){#F9}

DISCUSSION
==========

Skeletal muscle differentiation is a complex, multistep process characterized by the irreversible withdrawal of proliferating myoblasts from the cell cycle, the expression of muscle-specific genes, and the fusion of plasma membranes to enable formation of multinucleated myotubes. Myogenesis is tightly regulated and involves the activation of a number of important signaling determinants orchestrating early differentiation events that lead to the fusion of myoblasts into myotubes and formation of skeletal muscle (reviewed in [@B55]).

Our studies implicate, for the first time, an essential role for aPKCs in myogenesis and demonstrate that PKCζ functions as a critical upstream regulator of the Cdk5 signaling complex in differentiating myoblasts. PKCζ was found to be necessary for both the activity of Cdk5 and subsequent myoblast differentiation. Typical morphological alterations in differentiating myocytes, such as parallel orientation, cell fusion, and formation of myotubes, were completely suppressed by inhibition of PKCζ. Furthermore, PKCζ was essential for reorganization and turnover of the Cdk5 scaffold, nestin ([@B43]). The latter results are in agreement with a role for PKCζ as an upstream regulator of Cdk5, as Cdk5 is involved in maintaining nestin network organization ([@B43]) and in modulating nestin stability (our unpublished data).

In the context of the existing PKCζ^−/−^ mouse model there is scarce information about possible effects on the muscle development. The PKCζ^−/−^ mouse has been characterized only in terms of phenotypes related to lymphoid organs and abnormalities in the regulation of NF-κB transcriptional activity ([@B28]), the possible effects on other cell types and tissues have not been considered to any greater extent. In addition, there is a distinct possibility that aPKCs could compensate for each other, as the deletion of the atypical lamba and iota PKCs produces an embryonically lethal phenotype ([@B57]), suggesting that aPKCs may compensate for loss of individual isoforms. In light of our results, the PKCζ^−/−^ mouse should obviously be carefully reexamined in terms of possible effects on muscles and myocardium.

Unlike the other Cdks, which require both binding of cyclin proteins and phosphorylation for activation, Cdk5 is activated by association with a protein distantly related to cyclins, p35. p35 expression, in turn, is regulated by phosphorylation events, modifying both subcellular localization and stability, as well as by calpain-mediated cleavage ([@B25]; [@B46]). The latter modification leads to the generation of a p25 fragment, the half-life of which is three- to fivefold longer than that of p35. The formation of p25 enables both amplified and spatially less restricted Cdk5 activation as p25 lacks the myristoylation signal, resulting in redistribution of the cleaved protein from the membrane to the cytosol and nucleus ([@B39]; [@B46]; [@B37]; [@B59]). Until now, the Cdk5/p25 complex has been mainly associated with detrimental effects in neurodegenerative diseases ([@B40]; [@B52]; [@B53]). However, despite the accumulated evidence of p25 as potential harmful effector molecule, there are reports implicating that p25 is involved also in normal physiological processes. Transient expression of p25 in hippocampus induces an increase in NMDA (*N*-methyl-[d]{.smallcaps}-aspartate) signaling, spine density, and the number of synapses, and facilitates learning and memory. In contrast, prolonged p25 activity leads to a neuronal loss and severe cognitive defects ([@B15]). This discovery shows that p25 is involved as a Cdk5 regulator during normal homeostasis and demonstrates the importance of a tightly controlled spatiotemporal regulation of p25. In agreement with a role for p25 in normal physiological neuronal processes, our study reveals that p35 is cleaved to the p25 fragment during myoblast differentiation and that this cleavage is correlated with an increase in Cdk5 activity. Although p25 generation has usually been linked to apoptotic events, it is becoming increasingly evident that apoptosis and differentiation, two seemingly distinct processes, share several key features. For example, actin fiber disassembly, caspase-3 activation, and increased activity of matrix metalloproteinases are indispensable for membrane fusion occurring during both myoblast differentiation and apoptosis ([@B14]). Hence, formation of the Cdk5/p25 complex, with increased subcellular distribution and elevated activity compared with Cdk5/p35, may be crucial for phosphorylation events most likely shared by both processes. Moreover, it has been demonstrated that nuclear localization of Cdk5 defines the post-mitotic state of neurons ([@B64]) and that PKCζ, possessing functional import and export signals, undergoes rapid cytonuclear shuttling within neurons ([@B34]). Therefore, it is tempting to speculate that both increased PKCζ activity and p25 formation are required for nuclear activity of Cdk5, thereby prohibiting differentiating myoblasts from reentering the cell cycle.

p35 is proteolytically cleaved by calpains ([@B25]). Here, we show that the muscle-specific calpain isoform, calpain 3, interacts with and is a substrate for PKCζ. In addition, we demonstrate that the overall calpain activity is drastically reduced by PKCζ inhibition. Interestingly, a recent publication by [@B62] showed that another aPKC, PKCι, phosphorylated and activated calpains 1 and 2 in human lung cancer cells. In muscle cells, calpains mediate cleavage of various structural proteins, such as talin, desmin, and dystrophin. These cleavage events are necessary for both intracellular proteolysis and the cytoskeletal reorganization required for cell fusion ([@B9]). We demonstrate a novel interaction between p35 and PKCζ in differentiating myoblasts and show that PKCζ phosphorylates p35 on Ser-33, independently of Cdk5, thereby generating a more cleavage-prone p35. Cdk5-mediated phosphorylation has been shown to protect p35 from calpain-induced cleavage ([@B22]), whereas PKCζ-mediated phosphorylation of p35 promotes p35 cleavage and overrides the Cdk5-mediated inhibition of such cleavage. These results outline a regulatory mechanism in which PKCζ is a key player, functioning to balance Cdk5/p35 and Cdk5/p25 activities. Such a mechanism is essential for both spatial and temporal control of Cdk5 activity. Considering that both PKCζ and Cdk5 are involved in neuronal differentiation ([@B7]; [@B8]), it would be worthwhile to assess the role of the PKCζ/Cdk5 signaling pathway in this particular context. Our results describing a role for PKCζ in regulation of calpain activity and p25 generation may have ramifications for the etiology of p25-associated neurodegenerative processes.

Our observations thus point to an essential role of PKCζ in the regulation of overall calpain activity, required for p35 cleavage and muscle differentiation. Although we and others have demonstrated the significance of Cdk5 in myogenesis ([@B26], [@B43]), very little is known about the upstream signaling pathway(s) controlling Cdk5. Our work highlights a crucial role for PKCζ during muscle differentiation, in orchestrating both calpain activity and Cdk5 signaling, processes that synergistically promote myogenesis ([Figure 9](#F9){ref-type="fig"}). Although further work is required for a detailed understanding of PKCζ regulatory functions, we reveal for the first time cross-talk between PKCζ and the Cdk5/p35 signaling complex, and describe how these two major signaling pathways work together to control muscle development.

Supplementary Material
======================

###### \[Supplemental Materials\]

This article was published online ahead of print in *MBoC in Press* (<http://www.molbiolcell.org/cgi/doi/10.1091/mbc.E09-10-0847>) on March 3, 2010.

Cdk5

:   cyclin-dependent kinase 5

IF

:   intermediate filament

MHC

:   myosin heavy chain

PKC

:   protein kinase C

PS

:   pseudosubstrate inhibitor peptide

Scr-P

:   scrambled peptide

Scr-R

:   scrambled RNAi.

We thank Dr. J. Blenis for providing us with PKCζ-encoding plasmids and Helena Saarento for excellent technical assistance. Dr. Nick Morrice and Robert Gourlay are acknowledged for expert help with the p35 phosphorylation analysis. This work was supported by the Academy of Finland, the Sigrid Jusélius Foundation, the Research Institute of the Åbo Akademi University, and the Foundation of the Åbo Akademi University.

[^1]: ^‡^ These authors contributed equally to this work.
